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ABSTRACT

Styrene-maleic acid lipid particles (SMALPs) provide stable
water-soluble nanocontainers for lipid-encased membrane
proteins. Possible effects of the SMA-stabilized lipid environ-
ment on the interaction dynamics between functionally cou-
pled membrane proteins remain to be elucidated. The
photoreceptor sensory rhodopsin II, NpSRII and its cognate
transducer, NpHtrIl, of Natronomonas pharaonis form a
transmembrane complex, NpSRII,/NpHtrll, that plays a key
role in negative phototaxis and provides a unique model sys-
tem to study the light-induced transfer of a conformational sig-
nal between two integral membrane proteins. Photon
absorption induces transient structural changes in NpSRII
comprising an outward movement of helix F that cause further
conformational alterations in NpHtrll. We applied site-direc-
ted spin labeling and time-resolved optical and EPR spec-
troscopy to compare the conformational dynamics of NpSRII,/
NpHtrll, reconstituted in SMALPs with that of nanolipopro-
tein particle and liposome preparations. NpSRII and NpSRII,/
NpHtrll, show similar photocycles in liposomes and nano-
lipoprotein particles. An accelerated decay of the M photoint-
ermediate found for SMALPs can be explained by a high local
proton concentration provided by the carboxylic groups of the
SMA polymer. Light-induced large-scale conformational
changes of NpSRIL,/NpHtrII, observed in liposomes and nano-
lipoprotein particles are affected in SMALPs, indicating
restrictions of the protein’s conformational freedom.

INTRODUCTION

The preparation of homogeneous and functional samples for the
spectroscopic investigation of membrane protein structure and
dynamics, especially for nuclear magnetic resonance (NMR) (1),
electron paramagnetic resonance (EPR) (2) and cryo-electron
microscopy (3) is challenging. Delivery of single membrane pro-
teins or membrane protein complexes in a native-like environ-
ment is also required for X-ray free electron lasers (X-FEL),
which may allow determination of the structure of single protein
molecules in the near future (4). The most common method for
membrane protein  purification for the above-mentioned
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applications necessitates extraction from the biological membrane
into detergent micelles, which could negatively affect the stabil-
ity and activity of purified proteins (5).

Currently, two membrane mimetic approaches, which provide
monodisperse nanoparticles of ~ 10-15 nm diameter containing
membrane proteins, are under development. In these approaches
a protein-lipid core is surrounded and stabilized either by an
amphipathic protein belt, in the so-called nanodiscs or nano-
lipoprotein particles (NLPs), (6-8) or by a styrene—maleic acid
(SMA) copolymer, yielding SMA-lipid particles (SMALPs)
(9,10). Both NLPs and SMALPs can be prepared from a variety
of lipid mixtures and even native lipids of membrane extracts. It
was reported that such preparations are well suitable for single
molecule experiments or EPR spectroscopy (11-14). For EPR-
based intramolecular distances measurements using double elec-
tron—electron resonance (DEER) (15) the reconstitution of the
spin-labeled proteins into NLPs or SMALPs is highly advanta-
geous because the dipolar coupling between spin labels of differ-
ent proteins in the pseudo-two-dimensional environment of
proteoliposomes determines the intermolecular background. The
contribution of this background can dominate the DEER signal
imposing severe limits on sensitivity, distance range and data
interpretation (16,17). Although nowadays almost routinely used,
a major drawback of the NLP methodology is that the proteins
first have to be extracted from the native membrane using deter-
gents, which subsequently must be removed completely for the
assembly of the NLPs. Contrarily, the assembly of SMALPs
does not require the use of detergents in any of its preparation
steps. This advantage led to the most striking feature of SMALP
systems, which is the possibility to extract membrane proteins
directly from the native cell membranes, without any intermedi-
ate step, where the protein’s immediate environment could be
affected. Numerous studies have shown that this method can be
successfully used to purify different membrane proteins (11,18—
21) and membrane protein complexes, (13,22-25) and the molec-
ular and functional properties of these nanoparticles have been
studied in some detail (11,26,27). In general, the stability and
activity of the proteins investigated in SMALPs were shown to
be either similar to those in detergent micelles or improved, sug-
gesting that the SMA-lipid particles can provide more native
conditions (18,20,21,23). However, little is known about the pos-
sible influence of the SMA-stabilized lipid environment on large-
scale conformational transitions, which may accompany or even
only facilitate the function of a membrane protein or membrane
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protein complex. In the present paper, we address this question
by applying the SMALP approach to a membrane protein from
the microbial rhodopsin family in the presence and absence of
its cognate transducer protein and compare our results with
those obtained with the protein(s) reconstituted into NLPs or
liposomes.

The sensory rhodopsin II of Natronomonas pharaonis
(NpSRII) is a membrane-embedded photoreceptor that mediates
the photorepellent response to potentially harmful blue light. The
protein performs its function in a complex with the receptor-spe-
cific transducer protein NpHtrll. NpSRII’s structure and function
are related to those of the light-driven proton pump bacteri-
orhodopsin (BR). Both rhodopsins contain an all-trans-retinal
chromophore covalently bound to the seven helical (A-G) mem-
brane protein via a protonated Schiff base (28,29). Photoexcita-
tion of the retinal chromophore induces a photoreaction cycle,
the so-called photocycle. The first reaction in this photocycle is
the photochemical isomerization of the retinal from the all-trans
to the 13-cis form, in association with the generation of interme-
diate K. Proton migration from the Schiff base to Asp75 leads to
the L-to-M transition, coinciding with the proton release at the
extracellular side if the sensor is not complexed with its cognate
transducer, NpHtrll. During the long-lived M-state, helix F
moves outward and induces a downstream conformational
change in the tightly coupled transmembrane helix TM2 of
NpHtrll, which, in turn, transmits the signal further to the intra-
cellular two-component pathway, which modulates the swimming
behavior of the cell (30-33). Decay of the intermediate M and
generation of intermediates N and O in equilibrium with each
other coincides with reprotonation of the deprotonated 13-cis
Schiff base. The formation of the O-state is attributable to the
retinal reisomerization from 13-cis to all-trans. Finally, the
O-state decays back to the initial state of NpSRIIL.

In our previous paper, we reported the assembly of NpSRII/
NpHtrIl in SMALPs and showed that the NpSRII/NpHtrll com-
plex retained its structural integrity as a native-like 2:2 dimer
with the distance between spin labels bound at position 159 of
NpSRII corresponding to the “V”’-shaped conformation found in
the crystal structure (25,34). Resonance Raman spectroscopy data
confirmed that NpSRII reconstituted in SMALPs preserved the
light-sensitive all-trans configuration of its retinal chromophore
(25).

In this work, we compare the light-induced conformational
dynamics of NpSRII, in the presence and absence of NpHtrll,
reconstituted into SMALPs, NLPs and liposomes, using a set of
time-resolved optical and EPR methods.

MATERIALS AND METHODS

Protein expression and purification. For purification purposes, all
proteins had a C-terminal 6xHis-tag. NpSRII-His and NpHtrll;s;-His
(transducer construct truncated at position 157) and their respective
cysteine mutants (NpSRII-L159C and NpHtrll;57-A94C) were expressed
in E. coli BL21 (DE3) and purified according to Ref. (35-37) with minor
modifications. Briefly, cells were grown in LB medium (with
50 mg mL ™" kanamycin; 37°C) to an optical density ODsyg of 0.8—1.0,
and overexpression was induced by 0.5 mm IPTG. After induction, the
cells were incubated for 3 h at 37°C. Afterward, the cells were harvested
by centrifugation (15 min; 4200 g; 4°C), washed, resuspended in cell
washing buffer (25 mm NaP; pH 8.0; 150 mm NaCl; 2 mm EDTA; 1/100
culture volume) and disrupted by sonication (Branson Sonifier II W-250).
The membrane fraction was isolated by centrifugation (1.5 h; 50 000 g;
4°C), and membrane proteins were solubilized overnight (4°C) in buffer

A (50 mm NaP; pH 8.0; 300 mm NaCl; 2% [w/v] n-dodecyl-f-p-
maltoside [DDM]). The solubilized membrane proteins were isolated by
centrifugation (1.5 h; 50 000 g; 4°C) and incubated (2 h) with Ni-NTA
Superflow (Qiagen) material pre-equilibrated in buffer B (50 mm NaP;
pH 8.0; 300 mm NaCl; 0.05% (w/v) DDM) containing 15 mM imidazole.
Unspecific bound proteins were removed by washing with buffer B
containing 30 mMm imidazole. The His-tagged proteins were eluted with
buffer B containing 200 mm imidazole. From the fractions containing the
desired protein, imidazole was removed by dialysis against buffer C
(10 mm Tris pH 8.0; 500 mm NaCl; 0.05% (w/v) DDM). If not used
directly for spin labeling and reconstitution, protein solutions were stored
at —80°C.

The scaffolding protein MSP1E3D1 used for NLP preparations was
expressed in E. coli BL21 (DE3) cells and purified according to Ref.
(38) with minor modifications. Briefly, transformed cells were grown in
LB medium containing 50 mg mL ™' kanamycin at 37°C to an optical
density ODsg of 1.0. The overexpression of the protein was induced by
addition of IPTG to a final concentration of 0.5 mm. After an induction
period of 4 h at 37°C, cells were harvested (4200 g; 15 min; 4°C) and
resuspended (1/100 culture volume) in buffer D (300 mm NaCl, 40 mm
Tris [pH 8.0]) containing 1% Triton X-100. Cells were disrupted by soni-
cation (Branson Sonifier II W-250). The cell suspension was cleared by
centrifugation (50 000 g; 45 min; 4°C). The cleared supernatant was sub-
sequently loaded onto Ni-NTA Superflow material pre-equilibrated with
buffer D. The column was washed with four bed volumes of each of the
following: (1) buffer D containing 1% Triton X-100; (2) buffer D con-
taining 50 mm cholate; (3) buffer D; (4) buffer D containing 50 mm imi-
dazole. MSPIE3D1 was eluted with buffer D containing 300 mm
imidazole. Fractions containing MSP1E3D1 were pooled and dialyzed
against 100 mm NaCl, 10 mm Tris (pH 8.0) buffer to remove imidazole.
If not used directly for reconstitution, protein samples were flash frozen
and stored at —80°C.

Spin labeling. The spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl) methanethiosulfonate (MTSSL; Enzo life sciences, NY) was
covalently attached to the cysteine residues of both NpSRII-His and
NpHtrll;s;-His mutants solubilized in DDM as described previously (13).
In brief, the purified protein was first reduced with 10 mm dithiothreitol
(DTT) (12—-16 h), which was then removed by dialyzing it against buffer
C. Afterward, the protein was incubated 12—-16 h with 1 mm MTSSL and
excess label was removed by repeated dialysis. The resulting spin-labeled
side chain is abbreviated as R1 in the following.

Preparation of proteoliposomes. Polar lipid extract of Escherichia coli
membranes in chloroform was purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Lipids were transferred to a glass flask and the solvent
was evaporated under a nitrogen flow. The resulting lipid film was dried
under vacuum for at least 1 h, and then hydrated in buffer E (10 mm
Tris pH 8.0; 150 mm NaCl) followed by 10 freeze-thaw cycles and. If
not used directly, preparations were stored as aliquots at —80°C.
Subsequently, before reconstitution, the lipid suspension was passed at
least 11 times through a Mini-Extruder (Avanti Polar Lipids; Inc.) using
polycarbonate membranes (Whatman) with a pore diameter of 400 nm.

The reconstitution of NpSRII or NpSRII/NpHtrll;s; into liposomes
was performed by using SM-2 Bio-Beads (Bio-Rad Laboratories,
Miinchen, Germany). Firstly, in case of reconstitution of NpSRII in com-
plex with its cognate NpHtrll, s, solubilized NpSRII and NpHtrll,s; were
mixed at a 1:1 molar ratio and incubated for 20 min on ice. Subse-
quently, the proteins were mixed with liposomes at a molar protein/lipid
ratio of 1:172. For extracting DDM, the assembly mixture was incubated
with extensively prewashed (methanol and water) Bio-Beads (1 g/4 mL)
for 16 h at 4°C. After removal of Bio-Beads, the proteoliposomes were
pelleted by centrifugation (15 min; 15 800 g; 4°C), washed and then
resuspended in buffer E to a final lipid concentration of 25 mm
(20 mg mL™"). Reconstitution in PML was performed according to
Wegener et al. (30).

Preparation of SMA copolymer. Styrene—maleic acid (SMA)
copolymer with a styrene to maleic acid molar ratio of 3:1 (MW
9500 Da; supplied as an aqueous sodium salt solution SMA 3000 HNa)
was kindly provided as a gift by Cray Valley (Exton, PA). A 5% (w/v)
solution of SMA, which was extensively dialyzed against buffer E, was
used for the preparation of SMALPs.

Preparation of SMALPs. To form SMALP nanoparticles from
proteoliposomes, the proteoliposome suspension (liposomes loaded with
NpSRII or NpSRII/NpHtrll 57) was sonicated for 30 min in a bath
sonicator (11). Then 1 mL of a 5% (w/v) solution of SMA copolymer



was added dropwise to 1 mL of the proteoliposome suspension to get a
final lipid-to-SMA ratio of 1:2.5 (w/w). Afterward, the assembly mixture
was allowed to equilibrate for 1 h at room temperature and then for 16 h
at 4°C. The resulting samples were centrifuged (126 000 g; 30 min; 4°C)
to remove nonsoluble aggregates.

For direct reconstitution of NpSRII from E. coli membranes into
SMALP nanoparticles, the membrane fraction of disrupted cells was
isolated by centrifugation (50 000 g, 1.5 h, 4°C). The pellet was resus-
pended in 1 mL buffer D, mixed at a ratio 1:1 (v/v) with a 5% (w/v)
solution of SMA copolymer, and gently shaken at 4°C for 12 h. After
centrifugation (50 000 g, 1.5 h, 4°C), the supernatant was loaded onto a
Ni-NTA column and the NpSRII filled SMALPs were washed and eluted
with buffer D containing imidazole as described above.

Preparation of NLPs. NLPs were assembled in vitro according to
Ref. (13) using MSP1E3DI1 as a scaffold protein. The assembly was
performed in buffer E (see: preparation of proteoliposomes) containing
5 mm DDM. For reconstitution of NpSRII or the NpSRII/NpHtrll, s,
complex, polar lipid extract from Escherichia coli and MSPIE3DI1
were added to the purified, DDM-solubilized NpSRII or NpSRII/
NpHUtrll;s7. For the complex reconstitution, NpHtrll;s; was first mixed
with NpSRII at a 1:1 molar ratio and then incubated for 20 min on
ice before adding the lipids and MSPIE3D1. The final concentrations
of the components were 0.76 mm lipids, 14 um MSPIE3D1 and 7 pum
NpSRII/NpHtrll;57. After incubation for 1 h at room temperature, the
assembly mixture was incubated with SM-2 Bio-Beads overnight at 4
°C to remove DDM (50 mg of beads/mg of detergent). Bio-Beads
were prewashed extensively with methanol and water. After removal
of the Bio-Beads, nonsolubilized proteins and any aggregated materials
were removed by centrifugation at 126 000 g for 15 min at 4°C.
Samples were stored at 4°C until further use. Subsequently,
preparations of NLPs were fractionated on a Superdex 200 10/200 GL
column using an AKTA Purifier FPLC system, with a flow rate of
0.5 mL min~" at 4°C.

Transient  optical —absorption  spectroscopy. Transient optical
absorption experiments were carried out as described in Ref. 39. A 50 W
halogen lamp with an infrared cutoff filter (KG-2) and either 400, 430,
480, 500, 520, 550, 562, 575, 590 or 655 nm interference filters
illuminated the sample-filled quartz cuvette inside a sample holder, which
was temperature-controlled to 298 K. The transmitted light was passed
through a monochromator and detected using a photodiode, while a
flashlight with a flash duration of 80 ps equipped with a 475-nm edge
filter provided excitation perpendicular to the transmission beam. The
amplified signal was recorded with an analog-to-digital converter
connected to a standard PC. For the transitions between the late
photocycle intermediates (+ > 2 ms) studied here, the kinetics determined
by flashlight excitation were indistinguishable from those determined by
pulsed laser excitation (40).

Continuous wave- and time-resolved EPR setup. Both continuous
wave (cw) and time-resolved EPR measurements were performed as
described previously (40). Room temperature cw EPR spectra were
recorded on a home-built EPR spectrometer operating at ca. 9.5 GHz
equipped with a dielectric resonator (Bruker Biospin, Germany). The
microwave power was set to 1.0 mW, the B-field modulation amplitude
was 0.35 mT or 0.15 mT in case of NpSRII-L159R1 and NpHtrll;s;-
A94R1, respectively. The sample temperature was stabilized by a gas
stream through the resonator to 297 £ 1 K. A volume of 15 pL of
sample at concentration of ~ 200 um was loaded into a glass capillary
(0.9 mm inner diameter). For time-resolved c¢cw EPR measurements,
samples were illuminated inside the resonator by a white LED (3 W
power; Edixeon A; EDEW-3LA3-E3) through an infrared cutoff filter
(KG-2) and a 500 nm edge filter for 1.5s to allow for partial
accumulation of activated NpSRII. The EPR transients were recorded for
4.5 s after illumination at fixed B-field positions using an analog-to-
digital converter read out by a standard PC. The lock-in time constant
was set to 100 ms, allowing to record the slow components of the
relaxation of the NpSRII back to the initial state, for 35-100 B-field
positions. Typically, 100-1000 time traces at each B-field position were
averaged to achieve sufficient signal to noise ratio. The EPR difference
spectra between the photo-activated and the initial states were recorded
by detecting the EPR transients at different B-field values corresponding
to a B-field scan. The cw EPR spectrum of the initial state was obtained
concomitantly to the EPR transient traces by averaging the signal
intensity detected during the 250 ms duration of the pretrigger before the
illumination. The kinetics of the EPR signal changes were analyzed for
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selected B-field values where the difference spectra showed local
extremes. For comparison to the optical transients, the EPR transients
were fitted with tri-exponential functions.

RESULTS AND DISCUSSION

Several EPR studies (30,31,41) elucidated the light-induced con-
formational changes of NpSRII during the last years. The data
obtained show that structural rearrangements occurring in the
protein during the long-lived M-state of the NpSRII photocycle
lead to an outward movement of helix F, which is analogous to
the helix F motion observed for bacteriorhodopsin (BR) (42—44).
Here, we follow these conformational transitions using EPR
spectroscopy to study the possible influence of the encasement
of the NpSRII/NpHtrIl complex in NLPs and SMALPs. To mon-
itor the light-induced conformational changes of NpSRII in the
presence and absence of its transducer NpHtrlls;, the variant
NpSRII-L159R1 with a nitroxide spin label bound at position
159 in helix F was selected (Fig. 1), which was shown to be
highly sensitive to helix motion (30,31,41). A transient mobiliza-
tion of the nitroxide side chain of L159R1 takes place during the
photocycle due to the light-induced transient outward movement
of helix F (see Fig. 1A), which can be detected using time-
resolved EPR (30,31). NpSRII-L159R1 was reconstituted alone
or in complex with NpHtrll;s; in three different lipid environ-
ments: liposomes, NLPs and SMALPs containing polar lipids
from Escherichia coli.

Spin-label side-chain mobility

To analyze the effect of the different environments on the con-
formational dynamics of the receptor NpSRII, cw EPR spectra
were recorded for NpSRII-L159R1 with and without the trans-
ducer NpHtrll;s; in liposomes, NLPs and SMALPs (Fig. 2A).
The spectra of L159R1 are almost identical showing a powder-
like spectral pattern with a resolved hyperfine line in the high
field region. The presence of NpHtrll;s; does not significantly
influence the behavior of L159R1 (25). This spectral shape indi-
cates a strong sterical interaction between the nitroxide and
neighboring residues of the protein as expected for the L159R1
side chain being buried between helices F and G (see Fig. 1A).
Hence, the different lipid environments do not affect the nitrox-
ide dynamics in the interior of NpSRII, indicating that the ter-
tiary structure of the protein close to position 159 is not
influenced.

The transducer variant NpHtrll;57-A94R1 in complex with
NpSRII allows monitoring the dynamics of the coupled trans-
ducer close to the membrane-water interface. The spin label at
this site has been shown to sensibly report on the conformation
of the first HAMP domain of the transducer, which is engaged in
an equilibrium between a more rigid, compact conformation and
a more flexible, dynamic conformation (45). This site also has
been used to trace the light-induced signal transfer from NpSRII
to NpHrll (40). The cw EPR spectra of NpSRII/NpHtrll,s;-
A94R1 in liposomes, NLPs and SMALPs (Fig. 2B) exhibit a
composite spectral shape, revealing the presence of at least two
components related to mobile (vim, m) and immobile (i) fractions
of the spin-label side chain. These components have been shown
to reflect a conformational equilibrium of the HAMP domain
(40). While the dynamics of the NpHtrll;5,-A94R1 side chain
with the protein reconstituted in NLPs is similar to that of the
complex in liposomes, and consequently the equilibrium between



1198 Wageiha Mosslehy et al.

A

Figure 1. (A) View from the cytoplasm toward the extracellular space
(labeled CS and ES in B, respectively) and (B) side view parallel to the
membrane plane of the 2:2 complex of NpSRII and NpHtrll;s; (PDB:
1H2S(34)). The spin-labeled residues are depicted in blue.

the mobile and immobile components is not affected, the motion
of the transducer R1 side chain in SMALPs is more restricted
revealed by the more pronounced immobile component (i) and
the equilibrium between the mobile and immobile components is
shifted toward the immobile component. This finding indicates
less flexibility of the protein in SMALPs.

The influence of the lipid environment on the photocycle
kinetics

The light-induced reaction cycle, the so-called photocycle of
NpSRII, triggers the signal transduction in the NpSRII,/NpHtrll,

>

Liposomes

Figure 2. Room temperature cw EPR spectra of (A) NpSRII-L159R1
(black) compared to NpSRII-L159R1/NpHtrll;s; (25) (gray) and (B)
NpSRII/NpHtrIl;57-A94R1. The different mutants are reconstituted in
liposomes, NLPs or SMALPs. All spectra are normalized to the
maximum amplitude of the center line. The spectra for NpSRII/
NpHtrll;s7-A94R1 consists of at least two components, characterized by
an immobilized (i) and a very mobile (vm) R1 side chain. A third,
mobile component (m) is detectable by the spectral contribution visible
between the two extremes.

complex (46). Lipid composition, temperature and pH may con-
siderably influence the photocycle kinetics (5,46,47). Therefore,
we performed flash-photolysis measurements to investigate the
influence of the lipid environment and reconstitution method on
the photocycle of the receptor alone and in complex with
NpHtrllys7. The light-induced transient absorption changes of
NpSRII-L159R1 and NpSRII-L159R1/NpHtrll;s; reconstituted in
liposomes, NLPs and SMALPs with the corresponding global
multi-exponential fits are shown for three characteristic wave-
lengths (400, 500 and 550 nm) in Fig. 3. The absorption time
traces for NpSRII reconstituted in purple membrane lipids (PML)
are plotted as a reference. NpSRII reconstituted into SMALPs
from E.coli membranes showed photocycle time traces indistin-
guishable from those of NpSRII treated with DDM and reconsti-
tuted into SMALPs from liposomes. Thus, the following
analyses are based only on the data of the latter. In the depicted
time window shown in Fig. 3, the traces monitored at 500 nm
represent the recovery of the NpSRII initial state, the traces at
400 nm are indicative for the decay of intermediate M, whereas
the formation and decay of the O-state are monitored at 550 nm.

The time constants from the multi-exponential fits are given
in Table 1, the corresponding amplitude spectra are shown in
Fig. 4. The optical transients with the proteins reconstituted in
liposomes and NLPs required three-exponential functions for fit-
ting. The addition of a fourth apparent time constant as fitting
parameter did neither increase the quality of the fits nor was its
value significant. Contrarily, in the case of SMALPs four-expo-
nential functions were required to describe the optical transients
properly, similar to the findings for these proteins reconstituted
in purple membranes (30).

The time traces for NpSRII-L159R1 and NpSRII-L159R1/
NpHtrll;s7 in liposomes and NLPs do not show significant differ-
ences in the recovery of the initial state, and there is no large
influence of the NLP environment on the equilibrium between



the M- and O-intermediates (Fig. 3). Minor differences in the
time constants are obvious only for tg_which appears to be pro-
longed for the protein complexes reconstituted in NLPs. The
decay of intermediate M for both preparations is dominated by
time constants 77 and tg (cf. Fig. 4 and Table 1). In contrast, in
PML the decay of intermediate M is mainly characterized by t¢
(cf. Ref, 30 and Table 1) and thus approximately three times
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faster (Fig. 3B). The lifetime of intermediate M strongly depends
on the pH of the environment (48), with the reprotonation of the
Schiff base being favored by a low pH of the environment. The
deceleration of the M-decay in liposomes and NLPs observed in
the present experiments may thus be due to the different surface
charge densities of the membrane made of E. coli lipid extract
compared to the purple membrane. The purple membrane con-
sists of two major negatively charged lipid components, phos-
phatidylglycerophosphate (PG) (70%) and a glycolipid sulfate
(20%), which provide the membrane with a large negative sur-
face charge density (49,50). In contrast, bilayers made of E. coli
polar lipids (~58% neutral phosphatidylethanolamine (PE) and
~15% PG) have a much lower bilayer surface charge density of
anionic lipids. The local pH at the lipid/water interface of the
present liposomes and NLPs is thus higher than that of the pur-
ple membrane (51), which in turn decelerates reprotonation of
the Schiff base.

The decay of intermediate M is significantly accelerated for
NpSRII-L159R1 and NpSRII-L159R1/NpHtrll,s; reconstituted in
SMALPs, and a transient accumulation of the intermediate O is
obvious (Fig. 3B,C). According to the amplitude spectra (Fig. 4),
the decay of intermediate M is dominated by 75 and 16 and is
thus one order of magnitude faster than that of the protein prepa-
rations in liposomes or NLPs (Table 1). A reasonable explana-
tion for this behavior is the presence of a high local
concentration of proton donors provided by the SMA polymer.
The pKa values of the two carboxylic groups in each monomol
of the 3:1 SMA were found to be well separated with pKa val-
ues at ~5.8 and ~8.6. Thus, at pH 8, the presence of the polymer
belt increases the negative surface charge density of the SMALPs
because one of the acidic groups is always deprotonated, and, in
addition, provides a high local concentration of proton donors by
the presence of the second carboxylic group with a pKa close to
the pH of the bulk. The resulting fast decay of intermediate M in
combination with unaltered decay rates of the O-state, 77 and tg,
leads to a larger accumulation of the latter in SMALPs compared
to liposomes or NLPs (Fig. 3B,C).

Due to the partial spectral overlap of the NpSRII initial state
and the O-state (see Fig. 4), the recovery time of the initial state
in SMALPs seems to be accelerated by a factor of 6-7 as com-
pared to the proteins in liposomes or NLPs. However, compar-
ison of the time constants t; and tg (Table 1) for NLPs and
SMALPs show that the decay of intermediate O and the recovery

Figure 3. (A) NpSRII photocycle determined by following the transient
changes in the optical absorption spectrum of the retinal chromophore. Sub-
script numbers indicate the wavelength of maximum absorption of the
intermediate in nm. Time constants characterizing the transitions in the sec-
ond half of the photocycle are given according to the values and nomencla-
ture of Wegener ef al. (30) Transient optical absorption changes and
transient EPR signals for NpSRII-L159R1 in the absence (B) and presence
(C) of NpHtrIl;s7-wt reconstituted in PML (solid black, only shown in B),
in liposomes (solid green (optical), dashed green (EPR)), NLPs (solid red
(optical), dashed red (EPR)) and SMALPs (solid blue (optical), dashed blue
(EPR)). The exponential fits for both optical and EPR transients are
depicted in solid gray. Transient optical absorption changes are recorded at
25°C at wavelengths characteristic for the sensory rhodopsin photocycle:
400 nm (M-intermediate), 500 nm (initial state) and 550 nm (O-state). The
traces of the M-intermediate, the initial state and the EPR transients are
arbitrarily normalized to one of the samples to allow comparison of the
kinetics, while the traces of O-intermediate are scaled up using the normal-
ization factors of the corresponding initial state.
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Figure 4. Amplitude spectra corresponding to the exponential time con-
stants, ts (blue), 16 (black), 77 (red) and tg (green), describing the absorp-
tion changes for liposomes (A), NLPs (B) and SMALPs (C). The
positive bands at 400 and 550 nm are assigned to the decay of intermedi-
ates M and O, respectively. The negative bands at 550 nm represent the
rise of the O-state, while at 500 nm they represent the rise of the N-state
or of the initial state or a mixture of both, because it is difficult to dis-
criminate between them due to overlapping absorption spectra (the
absorption maxima of NpSRII initial state and intermediate N are 500
and 485 nm, respectively).

which is characterized by a correlation time of 19 ns and a line
broadening of 0.88 G. Consequently, it appears that in case of
SMALPs, the spin-label mobility transiently decreases and the
line width, which might contain contributions from dipolar spin—
spin interaction, increases upon light excitation, the latter indicat-
ing that the two L159R1 side chains in the complex come into
closer vicinity. Indeed, the interspin distance distribution for the
complex in the frozen dark state determined by DEER shows the
population maximum of closest approach located at 2.3 nm (25).
A light-induced decrease in this distance by movements of
helices F toward each other may lead to the observed increase in
the line width in the cw EPR spectrum. In conclusion, the con-
formational changes taking place in NpSRII upon light excitation
lead to transient dynamics changes in L159R1 which are differ-
ent in SMALPs compared to the transitions observed in lipo-
somes and NLPs.

In previous studies (30-32), it was shown that the conforma-
tional changes observed by the transient increase in the mobility

NpSRII-L159R1 NpSRII-L159R1/NpHtrll

A B

Liposomes
x8 x13

C D G

NLPs Simulation
x16

E F H

SMALPs Simulation
¥60 1mT

1 mT

Figure 5. (A-F) Cw EPR spectra (black) and transient EPR light-dark
difference spectra (green) obtained after light activation. Scaling factors
denote the upscaling of the transient spectra for visibility. (G, H) Spectra
were simulated to fit the experimental cw EPR spectra (red), for a
slightly increased mobility (G) or for a slightly decreased mobility in
combination with an increased line width (H). The calculated difference
spectra (green) have been multiplied by a factor of 10 for visibility.
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of L159R1 are correlated to the outward tilt of helix F during
the long-lived M-intermediate of the NpSRII receptor. Disruption
of a water cluster connecting helices C and G of NpSRII in
course of its photocycle permits the necessary conformational
freedom of helix F (53). The observed transient mobilization of
L159R1 for NpSRII in liposomes and NLPs indicates that recon-
stitution in NLPs does not influence this movement. In contrast,
the SMA copolymer and/or lipid environment of SMALPs affect
the conformational dynamics of NpSRII accompanying the out-
ward tilt of helix F. In liposomes and NLPs, the motional free-
dom of the nitroxide of L159R1 is transiently increased upon the
outward tilt of helix F because sterical interactions between
L159R1 and neighboring protein atoms are reduced. For
NpSRII-L159R1 in SMALPs, the mobility of the nitroxide is
transiently more restricted pointing toward a transitional strength-
ening of its sterical interactions. This may indicate an interaction
of the protein with the SMA polymer and/or a reduced flexibility
of the lipids in SMALPs compared to NLPs which largely permit
conformational changes of the protein that change its shape in
the membrane. According to Jamshad et al. (27), the styrene
moieties of SMA polymer intercalate between the lipid acyl
chains perpendicular to the plane of the lipids. In addition, it has
been shown that the carboxyl groups of maleic acid interact elec-
trostatically with the head groups of lipids that reside in the outer
layer of SMALPs (11,27). Thus, the direct interaction between
the SMA polymer and lipids could cause a higher rigidity of the
lipid environment, which may hinder conformational changes or
helical movement and thus interfere with the protein function
(9). Indeed, a motional restriction of bacteriorhodopsin molecules
incorporated into SMALPs was already observed (11). In our
case of NpSRIL, similar to the reduced amplitude of the helix F
motion observed in crystals of NpSRII/NpHtrIl (53), the confor-
mational freedom of at least the cytoplasmic moiety of helix F is
reduced by a more rigid environment in SMALPs.

The decays of the transient EPR signals are compared to the
optically detected absorption changes in Fig. 3B,C. To be consis-
tent with the analyses of transient optical data, the EPR transients
were fitted using a tri-exponential function. The time constant ¢
of the EPR transients was necessary to achieve a good fit for all
samples. However, we have to be careful to give it a physical
meaning because the time constant of the lock-in amplifier of the
transient EPR setup was set to 100 ms to achieve decent signal
to noise ratios. Thus, the kinetics of EPR transients faster than
100 ms cannot be resolved and the rise time of the EPR signal
cannot be properly determined. The values of the decay time
constants of the EPR transients, t7; and tg, prove that the tran-
sient EPR signal decay follows the decay of intermediate O for
all samples. The formation of the O-state is attributed to the reti-
nal reisomerization from 13-cis to all-trans, the decay of O
includes the rearrangement of the protein conformation to its ini-
tial state and coincides with the recovery of the latter. Thus, the
transient EPR signal decay mirrors the recovery of the initial
position and environment of helix F the time course of which is
not affected by the NLP or SMALP environments.

CONCLUSION

The cw EPR data show that reconstitution in NLPs and SMALPs
does not affect the spin label side-chain dynamics in the interior
of the reconstituted NpSRII in its dark state, indicating that the

protein’s fold close to position 159 is not significantly affected
by the lipid environment. At the same time, the cw EPR data of
NpSRII/NpHtrll;57-A94R1  revealed clear differences in the
mobility of the nitroxide close to the membrane-water interface
in the SMA-encased NpSRII/NpHtrll complex compared to NLPs
and liposomes. The time-resolved optical spectra show similar
kinetics of the photocycle for NpSRII reconstituted in liposomes
and NLPs. The recovery of the M-state is accelerated in
SMALPs due to a high local concentration of protons. Thus,
these data confirm that NpSRII, reconstituted in SMALPs and
NLPs, retains its functionality. The transient EPR light—dark dif-
ference spectra revealed light-dependent conformational changes
in NpSRII and NpSRII/NpHtrll in liposomes, NLPs as well as in
SMALPs. While the transient outward tilt of helix F of NpSRII,
which has been observed in liposomes during the second half of
the photocycle (30), appears to be unaltered in NLPs, in
SMALPs this large-scale conformational change seems to be
restricted, similar to the reduced amplitude of the helix F motion
observed in crystals of NpSRII/NpHtrll. We conclude that
SMALPs could be suitable for the preparation of stable and func-
tional membrane protein samples for spectroscopic investigations
of their conformation and dynamics keeping in mind possible
restrictions of conformational changes in the transmembrane
region of the protein(s).
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